Tropical marine ecosystems are under mounting anthropogenic pressure from overfishing and habitat destruction, leading to declines in their structure and function on a global scale. Although maintaining connectivity among habitats within a seascape is necessary for preserving population resistance and resilience, quantifying movements of individuals within seascapes remains challenging. Traditional methods of identifying and valuing potential coral reef fish nursery habitats are indirect, often relying on visual surveys of abundance and correlations of size and biomass among habitats. We used compound-specific stable isotope analyses to determine movement patterns of commercially important fish populations within a coral reef seascape. This approach allowed us to quantify the relative contributions of individuals from inshore nurseries to reef populations and identify migration corridors among important habitats. Our results provided direct measurements of remarkable migrations by juvenile snapper of over 30 km, between nurseries and reefs. We also found significant plasticity in juvenile nursery residency. Although a majority of individuals on coastal reefs had used seagrass nurseries as juveniles, many adults on oceanic reefs had settled directly into reef habitats. Moreover, seascape configuration played a critical but heretofore unrecognized role in determining connectivity among habitats. Finally, our approach provides key quantitative data necessary to estimate the value of distinctive habitats to ecosystem services provided by seascapes. 
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T he ecological integrity of tropical marine habitats, including mangroves, seagrass beds, and coral reefs, is coming under increasing pressure from human activities (1) (2) (3) . Habitat destruction and unsustainable exploitation, including mangrove deforestation and overfishing, have led to declines in the function and resilience of these ecosystems on a global scale (4). Efforts to promote ecological integrity and sustainable harvest have traditionally focused on protecting coral reefs. More recently, attention has been directed at the issue of preserving critical seascape functions as well as habitat types, with particular emphasis on seascape connectivity (5). For example, many commercially and ecologically important coral reef fishes, including species of Lutjanidae (snappers), Serranidae (grouper), and Scaridae (parrotfish), use mangroves and seagrass beds as juvenile nursery areas before presumably migrating to coral reef habitats as adults (see reviews in refs. [6] [7] [8] . Preserving seascape connectivity is therefore likely necessary to maintain coral reef ecosystem function and healthy fisheries (9). However, it has proved remarkably difficult to develop quantitative assessments of habitat use and movements among different habitat types for any reef fish species (10) . This lack of quantitative data on seascape connectivity represents a major obstacle to marine spatial management (5) and attempts to value ecosystems services provided by coral reef habitats (11) (12) (13) .
A number of studies have demonstrated a strong relationship between the presence of coastal wetlands and offshore fish abundance and fisheries yield (14, 15) . These studies formed the basis for the nursery hypothesis (6-8), and subsequently, the economic valuation of coastal wetlands (13) . The use of coastal wetlands as nursery habitats may, however, be facultative and spatially complex (16) . Studies identifying mangroves and seagrass beds as nurseries have noted higher densities of juvenile fishes in those habitats relative to other habitats where juveniles could reside (16, 17) , and have documented size-frequency differences among habitats that are consistent with ontogenetic movements of juvenile fishes from mangrove nurseries to adult reef habitats (14, 15) . The conclusions of these studies rely, nonetheless, on the assumption that the increased density of juveniles in nursery habitats will result in increased recruitment into adult populations on coral reefs. To accurately parameterize reserve selection models for the development of effective marine reserves (12), we need to identify specific migration corridors between nursery habitats and reef environs.
Determining movement corridors between juvenile and adult habitats requires the ability to either track individuals between habitats or to retrospectively identify juvenile habitat residency of adult fishes. Natural geochemical tags provide an approach that allows for the reconstruction of habitat residency while avoiding the logistic problems inherent with artificial tagging (10). We recently described a unique method for quantifying fish movements in coral reef ecosystems by analyzing amino acid δ
13
C values in otoliths (ear-bones) (18) (19) (20) . The technique relies on natural geographic variations in δ
C at the base of food webs among mangrove habitats, coral reefs, and seagrass beds that are permanently recorded by otolith amino acids. Compound-specific stable isotope analysis (SIA) provides more robust tracers of residency bulk SIA and trace element geochemistry, which have met with mixed results in previous attempts to reconstruct nursery use in coral reef fishes (20) .
Here we use amino acid δ
C values to quantify seascape connectivity for a commercially important snapper species (Ehrenberg's snapper, Lutjanus ehrenbergii, Peters 1869) in a coral reef ecosystem from the Red Sea (Fig. 1 ). Our approach allows for reconstruction of juvenile habitat associations by those fish that have successfully recruited to adult populations on reefs. We characterized unique δ 13 C signatures from habitats within the study seascape by analyzing five essential amino acid δ
C values from L. ehrenbergii collected from five potential juvenile habitats: coastal wetlands consisting of seagrass bays with fringing mangroves, coastal reefs within 2 km of shore, shelf reefs on the continental shelf, the continental island of Abu Latt at the shelf break, and oceanic reefs surrounded by deep open water (Fig. S1 ). We then surveyed densities of L. ehrenbergii and collected fish for otolith analysis from two replicate reefs at six distances along a 50-km cross-shelf transect from the coast to oceanic reefs off the continental shelf. Finally, we isolated the juvenile cores from adult L. ehrenbergii otoliths, analyzed their essential amino acid δ 13 C values, and then classified fish to one of the five potential juvenile habitats based on these multivariate isotope values (see SI Materials and Methods). The multivariate approach allowed us to accurately distinguish residence patterns among source habitats that were not possible using conventional bulk stable isotope analysis (20) .
Results
We found significant variability in L. ehrenbergii densities across the continental shelf (Fig. 2) . Highest densities were found on nearshore reefs and on the fringing reef surrounding the continental island of Abu Latt. These patterns were consistent with our observations of recently settled juveniles in mangrove and seagrass habitats along the coast and in the lagoon at Abu Latt (SI Materials and Methods). We have, however, never seen juvenile L. ehrenbergii on coastal, shelf, or oceanic reefs despite several years of regular work in this area. Moreover, the sharp drop in densities of adult L. ehrenbergii from nearshore reefs and fringing reefs around Abu Latt Island to shelf and oceanic reefs suggested that the majority of juveniles were moving relatively short distances (∼2 km) from juvenile nursery habitats.
Discriminant function analysis on the muscle essential amino acid δ 13 C data of L. ehrenbergii showed that each of the five regions was clearly separated in multivariate space (Fig. 3) . The first discriminant function identified a gradient from coastal wetlands to oceanic reefs, and the second discriminant function separated coastal wetlands from the shelf island habitat of Abu Latt Island. Moreover, we were able to assign individuals to each of these habitats with a high degree of accuracy based on the multivariate essential amino acid δ 13 C values. Jackknifed reclassification success rate to each potential juvenile habitat averaged 95% compared with a random reclassification success expectation of 20%.
Essential amino acid δ 13 C values in otoliths revealed a complex pattern of habitat use by juvenile L. ehrenbergii (Fig. 4) . Our data also showed that many L. ehrenbergii larvae had apparently settled directly into adult reef habitats. Although we never saw juvenile L. ehrenbergii on offshore reefs, as much as 50% of the adults on coastal and shelf reefs and nearly 80% of adults on oceanic reefs had resided in these habitats for their entire postsettlement lives. These juveniles were likely either highly cryptic, residing inside the reef matrix during daylight hours, or inhabiting depths that were beyond the limits of open-circuit SCUBA equipment. Regardless of their whereabouts, the otolith amino acid technique allowed us to definitively quantify the proportion of each adult population that had resided in different nursery habitats as juveniles.
Our results confirmed the importance of mangrove and seagrass systems to inshore fish populations. Over 70% and 45% of adult L. ehrenbergii at the 2-km and 16-km reefs, respectively, had migrated from these coastal wetland habitats as juveniles. A number of individuals had also moved at least 30 km from inshore nurseries to reefs on the edge of the continental shelf. The shelf break did, however, act as a barrier for inshore juveniles because no adults on oceanic reefs beyond the continental shelf had resided in mangrove or seagrass environments.
Discussion
Our results provided direct measurements of remarkable movements by juvenile snapper from coastal wetlands to coral reefs at least 30 km from the coast, and from a shelf island to oceanic reefs across deep open water. Although connectivity was high among coastal wetland and reef environs on the shallow continental shelf, we found no evidence of wetland use in adults from oceanic reefs. Juveniles from near shore areas were apparently reluctant to move beyond the continental shelf. However, juveniles that settled around Abu Latt Island, on the shelf edge, were able to swim across deep open water to the oceanic reefs. These results reveal complex patterns of ontogenetic movement that we were unable to detect using conventional SCUBA-based surveys. We were able to quantify the relative contributions from each nursery habitat to adult populations and to identify specific corridors used by juvenile fish to migrate across the shelf to reef environments. These data are, in turn, critical to parameterize reserve selection algorithms for the development of effective networked marine reserves (12, 21) . Compound-specific SIA data revealed a high degree of plasticity in nursery habitat use. These findings have important implications, both for understanding coral reef fish population biology as well as designing well-informed management strategies. Coastal and shelf reefs appeared to have greater functional connectivity within the seascape than the oceanic reefs. At least three different juvenile source habitats contributed to adult L. ehrenbergii populations on coastal and shelf reefs. Conversely, the oceanic reefs were primarily locally recruiting. Coastal and shelf-reef habitats may, therefore, have a greater source redundancy and thus be less vulnerable to fluctuations in juvenile supply from individual habitats. It appears likely that the shallow continental shelf, typically less than 50-m deep, facilitated enhanced interreef movement compared with the deep open water between oceanic reefs. The shelf break was not a hard barrier, however, because juveniles from Abu Latt Island, located on the edge of the continental shelf, were able to move across open waters to oceanic reefs.
There is little movement data on juvenile coral reef fishes to compare with our results because of the difficulties associated with tagging small fish (10). Mumby (21) constrained the maximum distance fish migrate between mangroves and reefs in their reserve selection algorithm to 10 km based upon the maximum distance between offshore mangrove cays and reef sites in Belize. Acoustic tracking of adult coral reef fishes has revealed within-reef migrations to spawning aggregation sites over distances of up to 20 km (22) , and interreef movements of up to 16 km (23). The fact that significant numbers of juvenile L. ehrenbergii were migrating up to 30 km among reefs on the continental shelf and across oceanic waters beyond the shelf break highlights how little we know about seascape connectivity of tropical marine fishes (24) .
We used a direct method to identify juvenile nurseries that retrospectively determined habitat use during juvenile stages of adult fish on reefs. The approach allowed us to quantify relative contributions of individuals from nursery habitats to reef populations, and to categorize additional important juvenile habitats that we had been unable to adequately identify using conventional techniques. For example, individuals that settled directly onto reefs contributed at least 70% to L. ehrenbergii populations on oceanic reefs. However, reefs with the highest connectivity to coastal wetlands also had the highest adult L. ehrenbergii densities. Densities of adult L. ehrenbergii on coastal reefs were fourfold higher than those on the outer shelf and oceanic reefs. This correlation supports previous studies showing higher adult abundance of fishes on reefs closer to nursery sources (14, 15, 25) . However, we were able to demonstrate that a higher proportion of individuals on coastal reefs had indeed resided in mangrove and seagrass nurseries before moving out to adult habitats compared with populations on reefs further offshore.
Our description of juvenile coral reef fish movements represents a unique direct estimation of seascape connectivity for any reef fish species. The functioning and resilience of coral reefs and the fisheries they support are directly linked to connectivity, both by dispersal and ontogenetic movement, within tropical seascapes (26) . The ability to quantify the contributions of different nurseries to reef fish populations and identify important migration corridors is critical to identify management priorities (5) and parameterize models of habitat value (11, 12) and metapopulation persistence (27) . Our results are particularly timely given the increasing use of spatial management approaches, including networks of marine protected areas in coral reef ecosystems (21, 28, 29) . Although at least some of these efforts, including the recent rezoning of the Great Barrier Reef Marine Park, have explicitly recognized the importance of maintaining links among habitats (30) , zoning decisions have necessarily been based on imprecise rules of thumb rather than empirical data on seascape connectivity (5). More time is needed before the effectiveness of these rules can be evaluated. Nonetheless, the lack of a mechanistic understanding of the role that seascape configuration plays in determining connectivity significantly hinders the ability to predict the influence of extrinsic factors, including climate change on reef fish populations (31) . It is clear, however, that to effectively maintain functioning ecosystems and sustainable fisheries in structurally complex ocean ecosystems, management plans must conserve the functional integrity of ecosystems at the seascape level rather than focusing solely on individual habitat types. More generally, our approach provides a quantitative method for estimating the value of ecosystem services provided by distinctive habitats to fisheries yields within a seascape (11) (12) (13) . This method will, in turn, allow for more accurate accounting of these services, including the assessment of suitable remediation requirements when these habitats are removed during tourism or aquaculture developments.
Materials and Methods
Ehrenberg's snapper, Lutjanus ehrenbergii (Peters 1869), were collected from five distinct habitats: (i) coastal wetlands (n = 2 sites), (ii) coastal reefs (n = 2), (iii) shelf reefs (n = 4), (iv) offshore island patch reefs (n = 1), and (v) oceanic reefs (n = 4), along a 50-km cross-shelf transect from coastal Saudi Arabia in the Red Sea in November 2008, March 2009, and June 2010 ( Fig. 1  and Fig. S2 ). Densities of L. ehrenbergii were estimated by visual survey on SCUBA. Individual fish were counted along four replicate 100-m by 10-m transects at 5-and 15-m depth from each reef and then averaged per distance. We visualized the separation of potential juvenile habitats using a quadratic discriminant function analysis (32) on the muscle essential amino acid δ 13 C data of L. ehrenbergii grouped into five regions according to their collection location across the continental shelf. See Table S1 for variance and loadings of quadratic discriminant function analysis on juvenile snapper habitat signatures. Briefly, total free amino acids were isolated by acid hydrolysis and then converted to isopropyl-TFAA derivatives (19) , before individual isotopic analysis on an Agilent 6890N gas chromatograph coupled via continuous flow interface to a Thermo Finnigan Mat 253 isotope ratio monitoring-mass spectrometer (see SI Materials and Methods).
To retrospectively identify where each adult L. ehrenbergii spent its juvenile period, we isolated the juvenile core of adult L. ehrenbergii otoliths (see SI Materials and Methods and Fig. S3 ) from fish collected on reefs at six distances offshore along a 50-km cross-shelf transect (2 km, 16 km, 32 km, Abu Latt Island, 40 km, and 50 km). We analyzed the δ 13 C values of the same five essential amino acids as used to develop the nursery habitat signatures described above (Fig. S4 ). We used a maximum-likelihood estimator (33) to classify the juvenile cores of adult otoliths to one of the five potential nursery habitats to calculate the relative contribution of each of the five potential juvenile habitat regions to the adult populations on coral reefs at six distances along the 50-km cross-shelf transect from Al Lith, Saudi Arabia. For more details on the amino acid δ 13 C analyses and data processing, please see the SI Materials and Methods. Raw data are available in McMahon (34) .
